In this paper we present the results of the terahertz measurements of liquid crystal ferroelectric BaTiO 3 nanoparticles suspensions in the range of frequency from 0.3 up to 3.0 THz. Two different sol-gel methods and the harvesting technique were used to fabricate the nanoparticles. 
Introduction
The doping of a nematic liquid crystal (LC) with a small amount (<1%) of ferroelectric nanoparticles (nps) can cause significant changes in their properties such as clearing temperature, threshold voltage, elastic constants, dielectric anisotropy and birefringence in visible range [1] [2] [3] [4] [5] [6] . The alternative method for improving or changing such LCs properties is by using chemical synthesis, which is time-consuming and expensive. Additionally, the synthesis of a material with desired physical properties typically requires to use of more than ten components; the more components are included, the more difficult it is to predict final material properties. The ferroelectric nanoparticles can improve the LC materials properties without chemical synthesis and the properties can be varied by changing the type and the amount of nanoparticles mixed with LC [2, 7, 8] . The improved properties of liquid crystals doped with ferroelectric nps are likely to be caused by a strong dipole-dipole interaction between the ferroelectric nanoparticles and the surrounding liquid crystal molecules. This dipole-dipole interaction may provide to an increase of the order parameter of LC and thus the dielectric anisotropy and birefringence of the ferroelectric LC suspension. However, the nature of interactions are clearly more complex, as for example, the nps are likely to be charged as well, as recently demonstrated [9] .
If the ferroelectric nanoparticles increase the order parameter of LC and thus the birefringence, and also sensitivity on external electric field it can find applications in the THz frequency range. The improvement in the LCs parameters can help to reduce the thickness of LC layer, which for THz tends to be quite large, reduce the value of the control voltage and thus improve LC tunability, which is important for the design of the THz wave modulating devices.
Experimental

Materials
We chose barium titanate (BaTiO 3 ) particles, guided by previous studies of this material, suspended in LCs and because of its ferroelectric properties that found applications in microelectronics and optoelectronics [10] [11] [12] . The dielectric properties of BaTiO 3 particles are dependent on their crystal structure: the cubic structure exhibits paraelectricity and the tetragonal structure -ferroelectricity. The optimal size of the nanoparticles should be in the range of 10-100 nm. The presence of larger particles may interfere with the homogeneity of the liquid crystal, and thus destroy the orientation of the LC molecules, while the smaller particles lose their ferroelectric properties [7] . Previous work [9, 10, [13] [14] [15] [16] has shown that the preparation of ferroelectric nanoparticles is a difficult process. In recent years, one found new processes for the production of BaTiO 3 ferroelectric nanoparticles, including sol-gel method, hydrothermal method, molten salt method, mechanochemical synthesis or combustion synthesis [17, 18] . However, analysis of the data shows that the degree of success of the above processes is significantly different. Resulting powder very often contains large particles, with a wide size distribution, high degree of agglomeration and irregular particles morphology. In this work we used ferroelectric nanoparticles BaTiO 3 synthesized by two sol-gel processes as the most promising method. The sol-gel process offers significant advantages such as high purity, chemical homogeneity, particle size control and low process temperature [12, 19] .
The first sol-gel process we used was based on tetrabutyl titanate Ti(OC 4 H 9 ) 4 and barium acetate Ba(CH 3 COO) 2 . The nanoparticles were in solution with heptane, as a solvent, and with oleic acid, as a surfactant. This sample of nanoparticles was labelled as 'Suspension nps3'. Furthermore, the harvesting technique was applied [8] . The harvesting of the ferroelectric single domain nanoparticles, from a large quantity of nanoparticles, is the method where by using electric field gradient ferroelectric particles with the strongest dipole moment are selectively harvested from nanoparticles colloid. Motivation for the harvesting method is to obtain ferroelectric monodomain particles with size smaller than 10 nm. In a liquid harvesting system, a small sealed glass container is fitted internally with a narrow gauge wire axial electrode and an external radial foil electrode. The inner wire electrode is supported within a glass tube. In this way, both the inner and outer electrodes are separated by glass from the fluid harvesting medium to prevent any possibility of direct charge injection into the fluid and to avert any electrolysis. A DC voltage equal 17 kV is applied in the system for the harvesting of the nps. Suspension nps3 was treated in this way and its harvested version is labelled as 'Suspension nps1'. Finally, we used a second sol-gel method for the synthesis of BaTiO 3, which is based in n-butoxide titanate Ti(C 8 H 17 O) 4 and barium acetate Ba(CH 3 COO) 2 ('Suspension nps2'). The second sol-gel process was used because n-butoxide titanate is around ten times cheaper than tetrabutyl titanate, and thus is more easily accessible.
The suspensions nps2 and nps3 were characterized by Raman spectroscopy and X-Ray Diffraction (XRD). In the Raman spectra the ferroelectric peak (situated at 305 cm -1 ) was observed, which confirms the nps ferroelectricity. In X-ray patterns, the reflections are characteristic of tetragonal structure which also proves the ferroelectricity of the nps. The average size (measured by the Transmission Electron Microscopy (TEM)) of these nps was between 20 to 80 nm [20] .
We chose two single compounds and three LC mixtures as a host for the ferroelectric Table 1 .
[insert Table 1 
about here]
The mixture 2020 is composed of ten isothiocyanato compounds with fluorine atoms substituted in lateral position and two, three phenyl rings. Seven compounds possess acetylene bridge group (C ≡ C) between benzene rings and one compound possess cyclohexane ring.
In total, we prepared eleven liquid crystals suspensions with the ferroelectric nanoparticles obtained with different methods and with different amount of nanoparticles. The ferroelectric nanoparticles suspensions were mixed with the liquid crystal and ultrasonically dispersed for 5-10 minuts to get a homogeneous distribution of the nanoparticles. Then, the heptane was evaporated for about 24 h at 60-80ºC. The suspensions were ultrasonically mixed several times during this step. The final concentration of the ferroelectric nps is presented in Table 2 .
In [4, 5] there is a detailed description of the preparation the nematic ferroelectric nps solutions. We used the suspensions nps1, nps2 and nps3 with two materials 6CHBT and 2020.
Due to the fact that LCs solutions with nps1 and nps2 hadn't promising properties compare to the suspension nps3 we decided to use only the last one to prepare the solutions with the other LC materials.
[insert Table 2 about here]
Measurements
Teraview Time-Pulsed Spectrometer 3000 (TPS) [21, 22] measurements enabled us to obtain the amplitude and phase of the THz wave after their transition through the sample. The data were also used to obtain absorption and dispersion of the samples. The liquid crystal cells were prepared by using quartz (z-cut) windows of thickness 1.5 mm and filled with liquid crystals. The copper wires with 0.5 mm were used both as spacers and as electrodes. To achieve planar alignment of the LC layer, strong AC electric field was applied to the electrodes with frequency 1 kHz. For the measured materials, the threshold voltage was 4 -8 kV/m and the maximum voltage applied was approximately 30 kV/m. The LC cell was put in the spectrometer chamber with the direction of the THz beam perpendicular to the cell surface. When the polarization of the THz wave was parallel or perpendicular to the LC director, extraordinary or ordinary components of the parameters, such as refractive index and absorption, were measured respectively. As a reference, we used two quartz (z-cut) windows with the thickness 1.5 mm each.
Results and discussion
In Figure 1 terahertz parameters of pure and doped 6CHBT liquid crystal are shown. For doped 6CHBT the ordinary refractive indices are higher while the extraordinary refractive indices are lower than for pure 6CHBT. As the results show, the birefringence of 6CHBT is higher than that for all the ferroelectric suspensions, indicating that the nanoparticles disturb orientation of LC rather than increasing the order parameter. The birefringence for the all suspensions differs a little, the highest ∆n is obtained for the suspension with nps3 and the lowest with nps2. The two types of nanoparticles were made through different sol gel processes.
The absorption coefficients for ordinary direction α o are higher for the suspensions as compared with undoped 6CHBT. The absorption coefficient for extraordinary direction α e for pure 6CHBT is higher than for nps2 and nps3 suspensions, but equal or lower than for nps1
suspensions. For the all suspensions, however, we observe the decrease in birefringence, 
[insert Figure 2 about here]
As the results from Figures 2, an increase in the birefringence can be achieved with the addition of ferroelectric nanoparticles nps3 to LC 2020. However, the structure and the composition of this material is quite complex, so it not easy to determine the reason of increase in the birefringence.
As the previous studies suggested [5, 7] , the change in the properties of the nanoparticles suspensions could be related to the ferroelectric nps affecting the order parameter of host LC material. Therefore, we decided to prepare ferroelectric suspensions with LC materials with simpler structure, but composed of compounds similar to LC 2020. First, we investigated single compound, labeled as A, which consists of one type of molecules (Table 1) , namely those with two phenyl and one cyclohexane rings and three fluorine atoms, substituted in lateral position to benzene rings.
To compound A we added two concentrations of nps3 in stated in Table 2 : 0.2% and 1% of nanoparticles, by weight. Figure 3 presents terahertz parameters of compound A and its suspensions. We observe a small difference in the birefringence for all the materials, for pure compound A the birefringence is slightly higher than for its suspensions. Between 2 THz and 2.6 THz birefringence of suspension with 0.2% of nps is slightly higher than for pure compound A, but the difference is less than uncertainty of ∆n.
The extraordinary components of the absorption coefficients for the suspensions have a maximum around 1.5 THz and 2.6 THz. For the suspension with the concentrations of 1% of nps, the absorption is stronger and the maxima more distinct, most likely due to the aggregation of the nanoparticles or some additional, stronger interactions between nanoparticles and surrounding LC molecules. The ordinary absorption coefficients for the suspension with 1% of nps is comparable, while for the suspension with 0.2% of nps α o is higher, than for pure compound A in the range of frequency 0.7 -3.0 THz. The extraordinary absorption coefficient for the suspension with 0.2% of nps is comparable, while for the suspension with 1% of nps α e is higher, than for compound A. For compound A and suspension with 0,2% of nps α o > α e , while for suspension with 1% of nps it is observed opposite relation α o < α e above 1.3 THz. Higher concentration of nps increases the probability of nanoparticles agglomeration which can change the absorption of the LC suspension.
Additionally we observe a huge increase of α e for the suspension with 1% of nps which may indicate there were nanoparticles agglomerations.
[insert Figure 3 about here]
In Figure 4 , terahertz properties of mixtures 2037, 1867 and their suspensions are presented.
These LC mixtures consist of three kinds of molecules, as shown in Table 1 The extraordinary absorption coefficients α e is comparable to both pure 2037 and its suspension while α o is higher for the suspension. The ferroelectric nanoparticles suspension with LC 1867 has higher α o and α e than for pure 1867. For the extraordinary coefficient, there is a wide maximum of absorption around 1.5 THz for LC 1867 suspension, while for pure 1867 the maximum is less pronounced.
[insert Figure 4 about here]
Mixture 1867 contains similar molecules to compound A and in both cases for ferroelectric suspensions (for compound A with higher concentration of nps) we observe the presence stronger local absorption maximum as compared to pure LC materials for the extraordinary direction. In 2020 suspensions there is also stronger local absorption maximum of α e as compare to the pure 2020. Some of the molecules components of measured LC materials could increase the probability of these phenomenons for example higher amount of laterally substituted fluorine atoms to compare to the others measured LC materials. The higher amount of laterally substituted F atoms the higher dipole moment of LC molecules [23, 24] and thus the dipole-dipole interactions between LC molecules and ferroelectric nanoparticles are stronger and may affect for absorption.
In Table 3 [insert Table 3 
